To examine the role of protein kinase C as a chronic regulator of proximal tubule Na/H antiporter activity, the effect of phorbol 12-myristate 13-acetate (PMA) on the Na/H antiporter was studied in cultured proximal tubule cells. Short-term activation of protein kinase C by 5 min exposure to PMA caused an acute increase in Na/H antiporter activity that was not prevented by cycloheximide or actinomycin D and did not persist 24 h later. Long-term activation of protein kinase C by 2 h exposure to PMA caused a dose-dependent increase in Na/H antiporter activity 24 h later. This latter effect was due to protein kinase C activation in that it was inhibited by sphingosine and was not seen with 4a-PMA, an inactive analogue. The chronic effect of PMA was inhibited by 10 nM actinomycin D or 7 ,uM cycloheximide. Proximal tubule cells exposed to PMA for 2 h demonstrated a two-to threefold increase in Na/H antiporter mRNA (mRNAN,/H) abundance 4 h later. In conclusion, short-term activation of protein kinase C leads to a transient increase in Na/H antiporter activity that is independent of transcription and translation, whereas long-term activation of protein kinase C causes a persistent increase in antiporter activity that is dependent on transcription and translation and is associated with increased mRNAN,/H abundance. This latter effect may mediate increased Na/H antiporter activity in a number of chronic conditions. (J. Clin. Invest. 1992. 89:365-372.)
Introduction
The proximal tubule is responsible for the majority of bicarbonate reabsorption in the kidney (1) . A number of chronic conditions associated with increased proximal tubular H secretory capacity, including chronic metabolic and respiratory acidosis, chronic K deficiency, and chronic hyperfiltration, are all associated with adaptations in proximal tubular function (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . These adaptations include increased activities ofthe apical membrane Na/H antiporter and Na/citrate cotransporter, the basolateral membrane Na/3HCO3 cotransporter, phosphatedependent glutaminase, and phosphoenolpyruvate carboxykinase (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . A common feature of these proteins is that they all contribute to net acid excretion, either through acid secretion or ammonia synthesis. These adaptations persist after the transporter or enzyme has been removed from the inducing milieu. Kinetic studies on the transporters have found that substrate affinities are unaffected and Vm. is increased (3, 6, 8, 9, 11) .
We have recently developed a tissue culture model for studying these adaptations, in which rabbit proximal tubule cells in primary culture were incubated in control or acid media for 48 h (17) . The results demonstrated an acid incubationinduced increase in Na/H antiporter activity that persisted after removal from the acid milieu and was dependent on protein synthesis. The adaptation was tissue specific in that it occurred in primary cultures of rabbit proximal tubule cells and in two renal cell lines but not in fibroblasts (17, 18) . The adaptation was associated with a threefold increase in the abundance of mRNA encoding an Na/H antiporter (mRNANaH)1 (18) . The above studies together suggest that chronic regulation of proximal tubule acidification in a number of conditions is mediated by regulation of synthesis of a number of key transporters and enzymes. The cellular signaling mechanisms responsible for such adaptations have not been addressed. The association of these adaptations with proximal tubule cell hypertrophy suggests a possible role ofprotein kinase C (19) . High levels of diacylglycerol, the endogenous activator of protein kinase C, have been found in the hyperfiltering kidney (12) .
For these reasons, the present studies examined the effect of chronic activation of protein kinase C on Na/H antiporter activity in proximal tubule cells in primary culture. The results demonstrate that, whereas short-term activation of protein kinase C causes a transient increase in Na/H antiporter activity that is independent oftranscription and translation, more prolonged activation of protein kinase C causes a chronic persistent increase in Na/H antiporter activity that is dependent on transcription and translation and is associated with increased abundance of the mRNANa/H Methods Cell culture. Primary cultures of renal proximal tubular cells were prepared as described previously (17) . Briefly, 4-6- Isolation and analysis of mRNANW.H. For these studies, cells were grown on 100-mm plastic culture plates. Proximal cell monolayers were lysed in guanidinium thiocyanate/N-lauroyl sarcosine/mercaptoethanol, and the resulting slurry was centrifuged through a 5.7 M cesium chloride cushion. The resulting RNA-enriched pellet was further purified by phenol-chloroform extraction and ethanol precipitation. PolyA+RNA was selected by oligo-dT affinity chromatography. For RNA blot hybridization, polyA+RNA from control and experimental cells was electrophoresed on formaldehyde-agarose gels and transferred to nylon filters (Genescreen; New England Nuclear, Boston, MA). is plotted as a function of time (x-axis). Cells are initially perfused with a Na-containing solution. At 1 min, Na is removed from the perfusate and 20 mM NH4Cl is added, leading to a rapid cell alkalinization followed by a slow cell acidification. NH4C1 then is removed from the perfusate, leading to a rapid cell acidification. When pHi stabilizes, Na is added, leading to a rapid cell alkalinization that is mediated by the Na/H antiporter. All solutions are free of exogenous COJHCO3.
A single-stranded, uniformly 32P-labeled DNA, synthesized as described previously (24) , was used as a probe for RNA blotting. A 713-bp BamHI/SacI fragment ofthe C28 Na/H antiporter cDNA (25) has been subcloned into an M 13 bacteriophage vector, allowing production ofa single-stranded sense DNA template. A specific oligonucleotide was used to prime the synthesis of the antisense probe from the singlestranded DNA. A single-stranded, uniformly labeled fl-actin probe was prepared in a similar fashion except that the synthesis was primed by an Ml 3 universal primer. After prehybridization with 5X standard saline citrate (SSC; 0.75 M NaCl and 75 mM Na3 citrate), 5X Denhardt's (1 mg/ml each of Ficoll, PVP, and BSA), and 0.5% SDS at 420C for 4 
Results
Short-term activation ofprotein kinase C acutely increases Na! H antiporter activity. Initial studies examined the acute effect of short-term activation of protein kinase C on Na-dependent pHi recovery from an acid load. For these studies protein kinase C was activated by addition of the phorbol ester, phorbol 12-myristate 13-acetate (PMA). After 5 min of perfusion with the Na-free NH3/NH' solution, NH3/NH' was removed and cells achieved a stable acid pHi. Cells were then incubated with either vehicle or PMA in Na-free solution for 5 min, and dpHJ dt was measured on Na addition. Fig. 2 summarizes the results. 5 min exposure to 100 nM PMA significantly increased dpHJ/ dt from 0.58±0.06 to 0.80±0.05 pH unit/min (P < 0.05). Baseline pHi (before NH3/NH' addition), trough pHi (just before Na addition), and buffer capacities were similar in the two groups (Table I) .
To examine whether this effect of PMA was related to activation of protein kinase C or merely represented a nonspecific effect of phorbol esters, experiments were repeated with an analogue of PMA, 4a-PMA, which does not activate protein kinase C. In these experiments, dpH,/dt was 0.51±0.03 in control cells and 0.43±0.05 in cells treated with 4a-PMA (NS ,  Table I ). Thus, short-term activation of protein kinase C leads to an acute increase in Na/H antiporter activity in proximal tubule cells. This finding agrees with those of other studies demonstrating acute protein kinase C-induced antiporter activation in the renal proximal tubule (27, 28) .
Given the rapidity of this effect, it is unlikely to be due to synthesis of gene products. To confirm this, we tested whether inhibition of transcription or translation prevented the PMAinduced increase in Na/H antiporter activity. In the first set of studies, cells were pretreated with 10 nM actinomycin D for 1 h before PMA addition to inhibit transcription. This concentration of actinomycin D inhibited the chronic response to PMA (see below). Higher concentrations of actinomycin D were toxic to the cells. Fig. 3 shows that in this setting PMA-induced stimulation of Na/H antiporter activity was still present. Baseline and trough pHi and buffer capacities were similar in control and experimental cells (Table I) .
In a second set of studies, control and PMA-treated cells were pretreated with 7 uM cycloheximide for 1 h before the experiment to inhibit translation. This concentration of cycloheximide inhibited most of protein synthesis in A6 cells and primary cultures of chick renal cells (29, 30) . As shown in Fig.  3 , cycloheximide did not prevent the PMA-induced increase in Na/H antiporter activity. Buffer capacities and baseline and trough pHi were not different among the groups (Table I) .
Thus, short-term activation ofprotein kinase C causes an acute increase in Na/H antiporter activity that requires neither transcription nor translation and is most likely due to phosphorylation (3 1). Long-term activation ofprotein kinase C causes a chronic persistent increase in Na/H antiporter activity. To examine whether protein kinase C activation causes a persistent stimulation ofNa/H antiporter activity, we examined Na/H antiporter activity 24 h after removal of PMA. Cells were preincubated with PMA or vehicle added to the culture media. After a set time, PMA or vehicle was removed and cells were washed twice and refed with fresh culture media. Na/H antiporter activity was then assayed 24 h later.
In the first studies, 100 nM PMA was added for 5 min. 24 h later, cells were loaded with BCECF and studied. Baseline and trough pHi were not different between control and PMA-pretreated cells (Table II) . Na/H antiporter activities were also not different (Fig. 4) . Once again, buffer capacities were similar in the two groups (Table II) . Thus, 5 min exposure to PMA caused an acute activation of the Na/H antiporter, which was transient in that it was no longer present 24 h later.
To examine whether a more chronic activation of protein kinase C would lead to a more persistent activation of the Na/ H antiporter, cells were exposed to PMA for 2 h. Once again, after 2 h exposure, cells were washed twice and refed. Antiporter activity was assessed 24 h later. Fig. 5 shows the results. Compared with a control rate of 0.54±0.03 pH unit/min, 2 h preincubation with 30 nM PMA caused a 22% stimulation, and 2 h preincubation with 100 nM PMA caused a 44% increase in Na/H antiporter activity. Baseline and trough cell pH and buffer capacities were not different between the groups (Table II) .
PMA-induced persistent increase in Na/H antiporter activity is through activation of protein kinase C. To address whether the above effect of 2 h PMA preincubation was due to activation of protein kinase C, two sets of studies were performed. First, we examined the effect of a 2-h application of 4a-PMA, the inactive analogue. 2-h incubation with 4a-PMA failed to increase Na/H antiporter activity (Table II) .
In a second set of studies, we examined the effect of inhibition of protein kinase C with sphingosine (32) on the ability of 2-h treatment with PMA to chronically increase Na/H antiporter activity. Cells were treated with 10 ,M sphingosine with 10 gM albumin for 12 h before and then during the exposure to PMA (26) . Control studies were performed with albumin alone. Fig. 6 shows that sphingosine prevented the PMA-induced increase in Na/H antiporter activity, whereas albumin had no effect. Once again, baseline and trough cell pH values and buffer capacities were identical in all groups (Table II) . Thus, the chronic effect of PMA preincubation on Na/H antiporter activity is mediated by activation of protein kinase C.
Protein kinase C-induced chronic effect is dependent on transcription and translation. The observation that a 2-h treatment with PMA led to increased Na/H antiporter activity 24 after the treatment raised the question ofwhether transcription and translation were involved in this process. (25) have cloned a cDNA for an Na/H antiporter. Because our effect of PMA on the Na/H antiporter was dependent on transcription and translation, we next examined whether there was an increase in abundance ofthis mRNA. Quiescent cells were incubated with either 100 nM PMA or vehicle for 2 h, washed twice, and then refed with culture media. 4 in Methods. Fig. 8 (27, 28) and in numerous other cell types (33) . In addition, acute activation of protein kinase C (< 10 min) has been found to increase the rate of proximal tubule HCO3 absorption (34, 35 Long-term activation ofprotein kinase C leads to a chronic persistent increase in Na/H antiporter activity. In addition to acute regulation, Na/H antiporter activity is regulated by a number of chronic conditions. Chronic metabolic acidosis, chronic respiratory acidosis, chronic K deficiency, and chronic increases in glomerular filtration rate are all associated with an adaptive increase in Na/H antiporter activity that is kinetically expressed as an increase in the Vma of the transporter (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In addition, this altered antiporter activity persists after the transporter is removed from the experimental environment.
This latter observation suggests that these adaptations represent a form of long-term renal memory and may be similar to the mechanisms of long-term memory in the central nervous system. The molecular basis of memory has been extensively studied in Aplysia sensory neurons, where it is mediated by serotonin-induced changes in cAMP that, secondarily, regulate K channel activity. Short-term application (5 min) ofserotonin or cAMP analogues leads to an acute decrease in K channel activity that is transient and independent of transcription and translation, whereas addition of serotonin or cAMP analogues for 2 h leads to a more prolonged change in K channel activity that is dependent on transcription and translation (37) (38) (39) . In the present studies we adapted a similar protocol and found similar results. Activation of protein kinase C with a 5-min application of PMA caused a transient increase in Na/H antiporter activity that was independent oftranscription and translation, whereas a 2-h application caused an increase in Na/H antiporter activity that persisted 24 h later and was dependent on transcription and translation. Thus, in both these forms of neural and renal memory, one protein kinase is able to regulate transporter activity acutely by phosphorylation and chronically by regulation of gene expression. Long-term potentiation of synaptic transmission in the hippocampus is also mediated by chronic activation of protein kinase C (40) .
The inhibition of the chronic stimulation in Na/H antiporter activity by cycloheximide and actinomycin D suggests that transcription and translation are required. However, the synthesized protein may not be the Na/H antiporter but, rather, could be a regulatory protein. In Aplysia sensory neurons, long-term regulation of K-channel activity requires protein synthesis, but the synthesized protein appears to be a regulatory protein rather than the K channel per se (41) . To examine this issue in the present studies, we examined the effect of2 h PMA on the abundance of the mRNA corresponding to the Na/H antiporter gene of Sardet et al. (25) . It is presently unresolved whether this cDNA encodes the apical membrane Na/H antiporter of proximal tubule cells, and recent evidence suggests that it may not. Epithelial apical membrane Na/H antiporters are amiloride resistant, whereas the "housekeeping" Na/H antiporters present in nonpolar cells and epithelial basolateral membranes are amiloride sensitive (42) . The Na/H antiporter of Sardet et al. (25) is present in fibroblasts and is expressed as an amiloride-sensitive Na/H antiporter (43) . In addition, a second Na/H antiporter gene has recently been cloned from a rabbit intestinal cDNA library (43) . Thus, it seems likely that the gene cloned by Sardet et al. encodes the housekeeping Na/H antiporter and that there may be a separate gene for the renal apical membrane Na/H antiporter, possibly similar to the rabbit intestinal antiporter.
In proximal tubule and renal cell lines, acid incubation increases the activities of both amiloride-sensitive and -resistant Na/H antiporters (18, 44) . Acid incubation of renal cells also causes an increase in abundance of the mRNA corresponding to Sardet's clone (18 (45) . We have recently found that the promoter/enhancer region of the gene for the human Na/H antiporter contains three consensus sequences for AP-1 binding sites (48) .
Chronic activation ofprotein kinase C with high concentrations of phorbol esters leads to downregulation of protein kinase C (49) . This raises the question of whether effects of chronic protein kinase C activation are physiologically relevant. However, it is likely that physiological activation of protein kinase C is not ofsufficient magnitude to eliminate protein kinase C activity. Our observed effect of chronic PMA application is due to protein kinase C activation rather than downregulation, as it is blocked by sphingosine. If protein kinase C downregulation were responsible for the chronic increase in Na/H antiporter activity, one would expect that sphingosine inhibition would mimic the effect. Baum and Hays (50) and Wang and Chan (35) found that application of PMA for > 15 and > 30 min, respectively, caused inhibition of HCO3 absorption in the perfused proximal tubule. It is difficult to reconcile their results with ours, but the explanation may reside in differences in the experimental protocol (timing of PMA addition and removal). In addition, it is possible that perfused tubules do not synthesize proteins normally. Lastly, since these authors measured HCO3 absorption rather than Na/H antiporter activity, it is possible that their late effect was due to inhibition of another transporter (NaK-ATPase, Na/3HCO3 cotransporter, H-ATPase).
Similar to the effect of chronic protein kinase C activation, chronic incubation (24-48 h) of proximal tubule cells in acid media leads to an increase in Na/H antiporter activity that is dependent on transcription and translation and is associated with increased abundance of mRNA for the Na/H antiporter (17, 18, 44) . In preliminary results, we have found that this increase in antiporter activity is blocked by inhibition of protein kinase C (51). Together with the present results, this suggests that protein kinase C activation may play a major role in the adaptation to chronic acidosis. In addition, high renal cortical diacylglycerol levels have been found in hyperfiltration, a condition also associated with chronic increases in Na/H antiporter activity ( 12) . In summary, the present studies show that short-term activation of protein kinase C leads to acute transient activation of the Na/H antiporter that is independent of transcription and translation, whereas more long-term activation of protein kinase C leads to a chronic persistent increase in Na/H antiporter activity that is dependent on transcription and translation. This latter chronic effect may play a role in the increase in Na/H antiporter activity seen in chronic acidosis, chronic K deficiency, and chronic hyperfiltration.
